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Lager beer is the most consumed alcoholic beverage in the world. Its production process is marked by a fermentation conducted
at low (8 to 15°C) temperatures and by the use of Saccharomyces pastorianus, an interspecific hybrid between Saccharomyces
cerevisiae and the cold-tolerant Saccharomyces eubayanus. Recent whole-genome-sequencing efforts revealed that the currently
available lager yeasts belong to one of only two archetypes, “Saaz” and “Frohberg.” This limited genetic variation likely reflects
that all lager yeasts descend from only two separate interspecific hybridization events, which may also explain the relatively lim-
ited aromatic diversity between the available lager beer yeasts compared to, for example, wine and ale beer yeasts. In this study,
31 novel interspecific yeast hybrids were developed, resulting from large-scale robot-assisted selection and breeding between
carefully selected strains of S. cerevisiae (six strains) and S. eubayanus (two strains). Interestingly, many of the resulting hybrids
showed a broader temperature tolerance than their parental strains and reference S. pastorianus yeasts. Moreover, they com-
bined a high fermentation capacity with a desirable aroma profile in laboratory-scale lager beer fermentations, thereby success-
fully enriching the currently available lager yeast biodiversity. Pilot-scale trials further confirmed the industrial potential of
these hybrids and identified one strain, hybrid H29, which combines a fast fermentation, high attenuation, and the production
of a complex, desirable fruity aroma.
With an annual production exceeding 1.97 billion hectoliters ayear, beer is the most-produced fermented beverage in the
world (1). The vast majority of currently produced beer is clas-
sified as either ale or lager beer, each type being produced by a
unique fermentation process (2). Specifically, ale beer produc-
tion uses the common brewer’s yeast Saccharomyces cerevisiae
and relatively high fermentation temperatures (typically 18 to
25°C) (2–5).
In contrast, lager beer (with Pilsner beer as the most popular
and commonly known type of lager beer) is fermented at lower
temperatures (5 to 15°C), followed by a period of cold storage
(lagering), which is a traditional practice vital for the beer’s char-
acteristically clean flavor and aroma. Lagers are not fermented by
S. cerevisiae but by the closely related species Saccharomyces pas-
torianus (formerly known as Saccharomyces carlsbergensis), which
combines the desirable fermentation characteristics of S. cerevisiae
with the cold tolerance of its other parent, S. eubayanus (6). Lager
beer currently accounts for more than 90% of the global beer
market but has amuchmore recent origin than ales. The lager beer
production process was developed in the 16th century in Bavaria
(Germany), where brewingwas only allowed duringwintertime to
minimize the microbial spoilage of beer. Later, in the 19th cen-
tury, the advent of refrigeration enabled lager brewing throughout
the whole year (2, 3, 7).
Several recent studies have focused on analyzing the S. pasto-
rianus genome. The results revealed that S. pastorianus is not a
clean yeast lineage but, rather, harbors the genomes of two differ-
ent species (2, 8–10). Whereas it was generally assumed that
lager yeasts were hybrids between S. cerevisiae and S. bayanus,
Libkind et al. (11) showed that the second parent is actually S.
eubayanus, a species originally discovered in Patagonia but later
also isolated in other regions, such as North America and China
(11–13). Although conclusive molecular evidence is not available
(14), it is currently believed that the S. cerevisiae/S. eubayanus
hybridization event took place 500 to 600 years ago, whenGerman
laws forced brewers to use lower fermentation temperatures, pro-
moting the selection of rare natural hybrids between the common
brewer’s yeast S. cerevisiae and the more cold-tolerant S. eubaya-
nus (11, 15).
Genetic analysis of a representative set of 17 lager strains re-
vealed that all currently commercially used lager strains likely
originated from two separate hybridization events that yielded
two distinct genotypes, dubbed “Saaz” and “Frohberg” (16–18).
Saaz-type S. pastorianus yeasts are allotriploids (3n), while Fro-
hberg-type are allotetraploids (4n), and each type has a slightly
different phenotype and fermentation characteristics. Apart from
showing a better tolerance toward low temperatures, Saaz-type
yeasts are unable to ferment maltotriose, resulting in lower
growth and fermentation rates (18–20). Additionally, Saaz-
type strains produce lower concentrations of aroma com-
pounds like ethyl acetate, isoamyl alcohol, and isoamyl acetate
(IA) than the more aroma-rich Frohberg yeasts (16, 19, 20).
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This phenotypic difference may partly explain why Frohberg-
type lager yeasts are generally preferred over Saaz-type lager
yeasts in today’s beer industry.
The limited genetic diversity of lager yeasts is reflected in the
relative limited influence of the yeast on the aroma profile of lager
beer (7), especially compared to the immense genetic and aro-
matic diversity of S. cerevisiae ale strains (21–23). While the char-
acteristically clean, fresh flavor and aroma of lager beers is one of
their most distinctive and praised traits, diversification and differ-
entiation have become increasingly important in today’s market.
The development of new lager hybrids may help to generate a set
of distinct beers that in someways bridge the gap between diverse,
aromatic ales and fresh and drinkable lagers (7, 19, 24). The de-
velopment of interspecific hybrids has proven to be a powerful
approach to generate novel yeast variants with enhanced charac-
teristics for wine making. Typically, an industrial strain of S.
cerevisiae yeast is crossed with a wild, non-cerevisiae member of
the Saccharomyces sensu stricto group, such as S. bayanus (15, 25–
27), S. kudriavzevii (28, 29), S. uvarum (30, 31), or S. mikatae (32).
Here, we report the development and extensive testing of 31
new lager yeast variants. Our results show that some of these novel
interspecific hybrids between S. cerevisiae yeasts and S. eubayanus
can outperform both of the parental strains under lager beer con-
ditions, yielding beers with very diverse aromatic profiles and
thereby enriching the potential aroma spectrum of lager beer.
MATERIALS AND METHODS
Yeast strains used in this study. Parental strains for the generation of
interspecific hybrid yeasts were selected from a collection of 301 industrial
and wild Saccharomyces strains, described by Steensels and coworkers
(22). Six industrial S. cerevisiae strains were selected based on their pro-
duction of desirable aromatic compounds, sporulation capacity, and
spore viability (Fig. 1). Additionally, two wild S. eubayanus strains were
included as parental strains. Two different S. pastorianus strains, corre-
sponding to the two types of lager yeasts (Saaz and Frohberg type), were
included in the different experiments as reference strains (Table 1) (16).
An extra set of 15 different industrially used S. pastorianus strains were
tested for their aroma and ethanol production in laboratory-scale lager
beer fermentation tests. The yeast strains BY4742 (n) and BY4743 (2n)
and a confirmed tetraploid strain, Y243, were included as references for
fluorescence-activated cell sorting (FACS) analysis.
Sporulation and tetrad dissection of possible parental strains. Spo-
rulation of selected parental strains was induced on acetate medium (1%
[wt vol1] potassium acetate, 0.05% [wt vol1] amino acid mix, and 2%
[wt vol1] agar) after 5 to 10 days at 25°C. Subsequently, sporulation
capacity was assessed using a light microscope (magnification of 40).
The ascus wall was digested with 4 mg · ml1 Zymolyase (Seikagaku,
Japan) in suspension (dissolved in 2 M sorbitol), incubated for 3 min at
room temperature. Tetrads were dissected using a micromanipulator
(MSM 400; Singer Instruments, Watchet, United Kingdom) on YPD agar
(2% [wt vol1] Bacto peptone, 1% [wt vol1] yeast extract, 2% [wt vol1]
glucose, and 2% [wt vol1] agar).
Hybrid generation through spore-to-spore mating and confirma-
tion of hybrid nature. Sporulation was induced as described previously
(22, 33). Spores were isolated enmasse as described by Snoek and cowork-
ers (33) and stored at 80°C in glycerol-yeast extract-peptone-dextrose
(GYPD) medium (2% [wt vol1] Bacto peptone, 1% [wt vol1] yeast
extract, 2% [wt vol1] glucose, and 25% [wt vol1] glycerol).
Hybridization was induced by placing single spores from both paren-
tal strains together with a micromanipulator (MSM; Singer Instruments)
on YPD agar (2% [wt vol1] Bacto peptone, 1% [wt vol1] yeast extract,
2% [wt vol1] glucose, and 1.5% [wt vol1] agar), followed by visual
inspection of zygote formation after 6 to 8 h of incubation at room tem-
perature. Candidate interspecific hybrids were purified by streaking on
synthetic 12 degrees Plato (°P) malt agar medium (12% [wt vol1] syn-
thetic malt extract [8EBC; Brouwland, Belgium] and 1.5% [wt vol1]
agar). Hybrids were confirmed through a species-specific multiplex PCR
(see below). PCR-confirmed interspecific hybrids were streaked another
three consecutive times on 12°P wort medium prior to long-term storage
at80°C to ensure strain purity.
Species-specific multiplex PCR. Two primer pairs were used for the
species-specific multiplex PCR, each targeting a specific part of one of the
parental species’ genome (34, 35). Primers Scer F2 (5=-GCG CTT TAC
ATT CAG ATC CCG AG-3=) and Scer R2 (5=-TAA GTT GGT TGT CAG
CAAGAT TG-3=) amplify a 150-bp amplicon of the S. cerevisiae genome.
Primers Seub F3 (5=-GTC CCT GTA CCA ATT TAA TAT TGC GC-3=)
and Seub R2 (5=-TTT CAC ATC TCT TAG TCT TTT CCA GAC G-3=)
generate a 228-bp S. eubayanus-specific amplicon (see Fig. S1 in the sup-
plemental material). The PCR conditions were as follows: 3 min at 95°C,
30 cycles of 30 s at 95°C, 30 s at 58°C, and 30 s of 72°C, followed by a final
cycle of 5min at 72°C and subsequent cooling to room temperature (RT).
Candidate hybrids showing two bands were considered to be interspecific
hybrids (see Fig. S1).
Amplified interdelta-sequence DNA polymorphism analysis. Prim-
ers delta12 (5=-TCA ACA ATG GAA TCC CAA C-3=) and delta21 (5=-
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FIG 1 Overview of selected S. cerevisiae parental strains. Genetic relatedness was determined by interdelta DNA fingerprinting, and subsequent clustering was
performed using BioNumerics software. Sporulation capacity and spore viability are represented as percentages, whereas aroma production is visualized relative
to a representative set of 104 ale beer strains (represented as Z-scores) previously screened by Steensels et al. (22), with color coding (as shown in the key)
indicating the following range of results: white, same as average; blue, lower than average; red, higher than average.
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CATCTTAACACCGTATATGA-3=) were used for interdelta-sequence
DNA polymorphism analysis, as previously described by Legras and Karst
(see Fig. S1) (36).
RAPD analysis. Random amplified polymorphic DNA (RAPD) anal-
ysis was carried out by using the R3 primer (5=-ATG CAG CCA C-3=), as
described previously (29, 37), using the following PCR protocol: 4 min at
94°C, 35 cycles of 25 s at 94°C, 30 s at 42°C, and 1.30min at 72°C, followed
by a final cycle of 5min at 72°C and subsequent cooling toRT (see Fig. S1).
Flow cytometry. Cells were grown overnight to stationary phase in 1
ml YPDmedium at RT on a shaker set at 300 rpm.Next, cells were washed
in 1 ml deionized water, resuspended in 1 ml 70% vol vol1 ethanol, and
incubated at 4°C for at least 16 h while rotating. The cultures were washed
once with 500 l SC buffer (50 mM trisodium citrate dihydrate; pH 7.4),
resuspended in 1 ml SC buffer containing 0.25 mg · ml1 RNase A
(Thermo Fisher Scientific), and incubated for 1 h at 50°C, after which 50
l proteinase K solution (20 mg · ml1; Fisher Bioreagents) was added,
followed by an additional incubation of 1 h at 50°C. Cell suspensions were
washed once with 500 l SC buffer and resuspended in 1 ml SC buffer.
Propidium iodide (Sigma-Aldrich, Belgium) was added to a final concen-
tration of 16 g · ml1, and cells were incubated overnight at 4°C while
rotating to stain the DNA content of the cells. Finally, the cells were
washed once with SC buffer and the DNA contents of single yeast cells
were analyzed using a FACS system (BD Biosciences, Belgium). Analysis
of the FACS data obtained, based on mixed Gaussian models, was per-
formed in R (38).
Genetic stabilization of generated hybrids. The interspecific hybrids
obtained were subjected to a high-throughput genetic stabilization pro-
tocol. Each hybrid was individually inoculated into 750 l industrial-
grade high-glucose-content 12°P wort medium (provided by a Belgian
brewery) in a 96-well deep-well plate and incubated statically at 16°C for 6
days. At this stage, cultures were diluted 10 times in 742.5l of fresh wort
medium. This incubation/dilution procedure was repeated 12 times, and
then the genetic stability of the hybrids was assessed by genetic finger-
printing PCRs of four biological replicates (interdelta-sequence DNA
polymorphism analysis and R3-RAPD for four single-colony isolates, de-
scribed above; see also Fig. S1 in the supplemental material) (29).
Laboratory-scale lager fermentations. The fermentation protocol
was designed to mimic industrial lager fermentations. First, yeast was
propagated by inoculation into 5 ml 4% yeast extract-peptone-maltose
(YPM; 2% [wt vol1] Bacto peptone, 1% [wt vol1] yeast extract, and 4%
[wt vol1]maltose)medium at RT and 300 rpm. After 16 h of incubation,
1 ml of the culture was transferred to 50 ml YPM (4%) medium in a
250-ml Erlenmeyer flask and incubated at 20°C and 200 rpm for 16 h.
After this second propagation, the optical density at 600 nm (OD600) was
measured and the pregrowth culture was used to inoculate 150 ml of
industrial-grade wort medium (high-glucose-content 12°P wort, sparged
with pressurized air for 1 h to saturation, provided by a Belgian brewery)
to a starting OD600 of 0.3 (approximately 2.1  10
7 cells · ml1). The
250-ml bottles were equippedwithAnkom systemgasmonitors for online
measurement of gas production (Ankom, USA). The headspace was
flushed with nitrogen gas prior to incubation at 16°C. During fermenta-
tion, a constant overpressure of 5 104 Pa (to atmospheric pressure) was
applied. CO2 production was monitored in real time with the Ankom
systems for all fermentations, and fermentations were stopped when all
strains stopped fermenting (after 13 days). Next, the fermentations were
cooled on ice to prevent evaporation of the volatile compounds, and sam-
ples for chromatographic analysis and ethanol measurements were taken.
The leftover fermented medium was used for sensory analysis.
TABLE 1 Overview of yeast strains used in this study
Straina
Culture collection
aliasb Species Industry Origin
Y134 NAc S. cerevisiae Ale beer NA
Y184 NA S. cerevisiae Wine NA
Y245 NA S. cerevisiae Ale beer Belgium
Y397 NA S. cerevisiae Ale beer Belgium
Y470 NA S. cerevisiae Ale beer NA
Y243 NA S. cerevisiae Bread (confirmed tetraploid; 4n) NA
BY4742 NA S. cerevisiae Laboratory strain (n) NA
BY4743 NA S. cerevisiae Laboratory strain (2n) NA
Y565 NA S. eubayanus Wild isolate Argentina
Y567 NA S. eubayanus Wild isolate Argentina
GSY129 CBS1513 S. pastorianus Saaz-type lager beer Denmark
GSY131 CBS1538 S. pastorianus Saaz-type lager beer Denmark
GSY133 CBS1486 S. pastorianus Saaz-type lager beer NA
GSY134 CBS1503 S. pastorianus Saaz-type lager beer Denmark
GSY137 DBVPG6284 S. pastorianus Saaz-type lager beer Denmark
GSY501 CBS1174 S. pastorianus Saaz-type lager beer (reference) NA
GSY509 CBS2440 S. pastorianus Saaz-type lager beer NA
GSY132 CBS1260 S. pastorianus Frohberg-type lager beer (reference) The Netherlands
GSY135 DBVPG6282 S. pastorianus Frohberg-type lager beer Canada
GSY515 CBS5832 S. pastorianus Frohberg-type lager beer The Netherlands
GSY516 CBS6903 S. pastorianus Frohberg-type lager beer The Netherlands
Y5 NA S. pastorianus Frohberg-type lager beer Belgium
Y447 NA S. pastorianus Frohberg-type lager beer Germany
Y449 NA S. pastorianus Frohberg-type lager beer Germany
Y453 NA S. pastorianus Frohberg-type lager beer Germany
Y454 NA S. pastorianus Frohberg-type lager beer Germany
Y473 NA S. pastorianus Frohberg-type lager beer Czech Republic
a Strains denoted with a “Y” code are derived from the historical yeast collection stored at KU Leuven University. “GSY” strain codes are the codes used in the previous research of
Dunn and Sherlock (16).
b CBS, Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands; DBVPG, Dipartimento Biologia Vegetale Perugia, Yeast Industrial Collection, Perugia, Italy.
c NA, the culture collection alias is nonexistent or the exact origin is unknown.
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Temperature tolerance assay. Yeasts were propagated in 200 l YPD
for 16 h at 30°C (shaking at 900 rpm).Next, the yeast cultures were diluted
to OD600 values of 1, 0.1, 0.01, and 0.001 in isotonic phosphate saline
buffer. Subsequently, 5 l amounts of the dilution series were spotted in
biological duplicates on YPD agar plates using the Rotor HDA (Singer
Instruments, United Kingdom) and incubated at eight different temper-
atures until sufficient growth could be observed, as follows: 4°C (15 days),
8°C (5 days), 10°C (5days), 16°C (2 days), 25°C (2 days), 30°C (2 days),
37°C (2 days), and 41°C (2 days). Plates were scanned and colony sizes
were quantified using the ScreenMill software in ImageJ, as described in
reference 39. Colony sizes at different temperatures were represented as
Z-scores (calculated per strain and per temperature).
Determination of 4-VG production capacity. Yeasts were grown for
48 h at 30°C in 5 ml 2% YPDmedium to which 0.1 mg · ml1 ferulic acid
(Sigma-Aldrich, Belgium) was added. Production of 4-vinyl guaiacol (4-
VG) was measured using head space gas chromatography with flame ion-
ization detector.
Pilot-scale fermentation tests.Acommercial BelgianPilsnermaltwas
used to produce wort in the 5-hl pilot brewery of KU Leuven, Technology
Campus Ghent. Eighty-seven kilograms of fine milled Pilsner malt (wet
disc milling; Meura) was mixed with 1.91 hl deaerated, reverse-osmosis-
filtered brewing water containing 80mg · liter1 CaCl2 and 30% vol vol
1
lactic acid (the precise volume to be added is malt dependent). Mash-
ing-in occurred at 64°C and pH 5.3. The following brewing scheme was
used: 64°C for 30 min, 72°C for 20 min, and 78°C for 1 min, with the rises
in temperature at 1°C · min1, after which the wort was filtered through a
membrane-assisted thin-bed filter (Meura 2001) and sparged with 2.5
liter · kg1 water (extract of last runnings 1.5°P and 1°P after final com-
pression). The extract of the combined sweet wort was 14.5°P. The sweet
wort was mixed with brewing water at the onset of boiling to obtain an
extract content of 11.5°P. Wort boiling was conducted for 60 min at the
atmospheric boiling point in a boiling kettle with internal boiler (5%
evaporation). At the end of boiling, 0.2 mg · liter1 Zn2 ions was added,
as well as 3.85 g · hl1 iso--acid extract, aiming at 25 mg · liter1 iso--
acids in the finished beer (utilization,65%). Thewort was clarified in an
open whirlpool as follows: filling for 6 min, 20 min of rest, and emptying
in 20min at 95°C. After cooling and aeration, the wort (12°P) was divided
among ten 50-liter fermenters and 107 cells · ml1 of the appropriate yeast
strain was pitched on each. Starters were propagated at 25°C in 125 g ·
liter1 wort extract (Brouwland, Belgium) until the cell titer was high
enough for pitching. The duration of the primary fermentation at 12°C in
cylindroconical tanks was strain dependent: fermentations were stopped
if a minimal apparent degree of fermentation (ADF) of 72%was achieved
or if the respective yeast stopped fermentingwithin 3weeks after pitching.
Fermentations that took longer than 3 weeks were omitted from further
analysis. Green beer was matured for 10 days at 0.5°C in 50-liter beer
kegs. The final beer was filtered using a cellulose sheet filter system (1-m
pore size) prior to CO2 saturation up to 5.6 g · liter
1 and packaging with
a 6-head rotating counter-pressure filler (monobloc; Cimec, Italy), using
double preevacuation with intermediate CO2 rinsing and overfoaming
with hot water injection before capping (final oxygen levels below 50
ppb). Finished beers were sampled for chromatographic analysis and eth-
anol measurements. Also, a professional tasting panel assessed the differ-
ent finished beers for their aroma, flavor, taste/mouthfeel, and overall
impression.
Data analysis and data visualization. To correct for noise, the head-
space gas chromatography-flame ionization detector and temperature
tolerance data obtained were converted to Z-scores as follows: Z-score
(X)/	, whereX is the concentrationmeasurement or colony size, is
the mean value of all strains per measured component or temperature
(column Z-scores) or mean colony growth per strain at each different
temperature (row Z-scores), and 	 is the standard deviation of values per
tested aroma compound or per tested temperature of all strains or stan-
dard deviation per strain at the different temperatures (row Z-scores).
BioNumerics (AppliedMaths, Belgium) was used to analyze and clus-
ter the strains based on their phenotypes. A similarity matrix was built
based on Euclidean distances, and an unweighted pair groupmethodwith
arithmetic mean (UPGMA) algorithm was used for clustering.
The temperature tolerance data and aroma production in the labora-
tory-scale fermentation tests were statistically assessed using a Kruskal-
Wallis one-way analysis of variance test (40) in combination with post hoc
Dunn tests with false discovery rate (FDR) corrected P values, based on
the Benjamini-Hochberg correction (41, 42). Statistical tests were per-
formed in R (38).
RESULTS
To expand the genetic and phenotypic diversity of lager yeasts, we
generated 31 new interspecific yeast hybrids between S. cerevisiae
and S. eubayanus. These hybrids were assessed for their temper-
ature tolerance and their fermentation capacity and aroma
production in laboratory-scale fermentations. Subsequently,
the fermentation performance of four selected hybrids was
tested in a pilot-scale brewery.
Selection of parental strains for the interspecific hybrids.
Careful selection of optimal parental strains is vital for successful
breeding experiments. Previously, our research group screened
301 industrial and wild strains from a large Saccharomyces yeast
collection for different industrially relevant traits (22, 33, 43).
Based on these data, six S. cerevisiae strains were selected using
four selection criteria: production of a diverse aroma profile, high
sporulation capacity, high spore viability, and efficient maltose
fermentation (Fig. 1). Strains Y565 and Y567 were chosen as the S.
eubayanus parental strains, since they were able to generate viable
spores and also showed high tolerance toward cold temperatures
(Fig. 2).
Development of interspecific yeast hybrids using spore-to-
spore mating. Previous studies indicate that the success rate of
interspecific mass mating experiments is very low, likely because
of the prezygotic barrier between species from the Saccharomyces
genus (24, 29). To overcome this limitation, spore-to-spore mat-
ing was used to cross yeasts of different species (21). However,
even this approach proved to be relatively inefficient, with 2,061
mating attempts yielding a total of 31 different interspecific hy-
brids (overall hybridization yield of 1.5%; hybrids were confirmed
through the species-specific multiplex PCR developed here) (Ta-
ble 2 and Materials and Methods; see also Fig. S1 in the supple-
mental material). Moreover, the mating efficiency seemed to de-
pend on the parental strains: while mating Y134 with Y567
resulted in a hybridization yield of 3.85%, none of the 135 at-
tempts to cross Y377 with Y565 yielded viable hybrids.
It is known that newly generated interspecific hybrids may
show temporary genome instability, with several chromosomal
rearrangements taking place in the first cell divisions after the
hybridization event. Prior to phenotypic characterization, the ge-
nomes of the newly developed hybrids were therefore stabilized by
growing interspecific hybrids for approximately 70 generations in
industrial lager beer medium (see Materials and Methods for de-
tails). This number is shown to be sufficient to stabilize the ge-
nomes of newly formed interspecific yeast hybrids within the Sac-
charomyces genus (29–32). Genetic stability was confirmed by
genetic fingerprinting, and hybrids were considered stable when,
after stabilization, both the interdelta and R3-RAPD band pat-
terns were identical for the four biological replicates tested (see
Fig. S1 in the supplemental material).
Propidium iodide staining reveals ploidy differences within
the interspecific hybrids generated. Propidium iodide staining
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and flow cytometry revealed ploidy differences between the se-
lected S. cerevisiae parental strains, which in turn led to ploidy
differences within the interspecific hybrids that were developed
(Table 2; see also Table S1 in the supplemental material). S. cerevi-
siae strains Y470 and Y184 showed DNA contents of, respectively,
1.55 and 1.77, indicating that these strains are likely aneuploid but
are probably derived from a diploid strain. Therefore, mating the
haploid segregants of these strains with haploid segregants from S.
eubayanus resulted in allodiploid hybrids. However, the remain-
ing four parental S. cerevisiae strains harbored larger genomes
(
2n). Strain Y134was (allo)triploid, whereas the genome sizes of
Y245, Y377, and Y397 were similar to the genome size of the tet-
raploid reference strain (see Table S1). As expected, hybridization
of (diploid) segregants of these strains with haploid S. eubayanus
segregants yielded hybrids with an allotriploid genome. Interest-
ingly, differences in genome size were observed between hybrids
originating from the same parental strains. For example, the ge-
nome of hybrid H27 was 1.44 times larger than the genome of
hybrid H28, even though both hybrids were the result of crossing
the same two parental yeast strains, Y397 and Y565 (Table 2; see
also Table S1). This phenomenon indicates that segregants from
the same alloploid S. cerevisiae parent can differ in ploidy or that
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FIG2 Relative growth rates of the parental strains, the newly generated hybrids, and two commercial lager yeasts at different temperatures (4°C, 8°C, 10°C, 16°C,
30°C, 37°C, and 41°C). Growth rates were calculated as Z-scores. Pairwise similarities were calculated by Euclidean distance, and a UPGMA clustering algorithm
was applied to cluster the data. Colors represent the calculated Z-score per strain (as shown in the key), with blue indicating a lower-than-average growth rate,
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over the columns;, between zero and one;, above one). Note that some hybrids share the relatively high growth rate at lower temperatures of S. eubayanus
with the capacity of S. cerevisiae to grow at temperatures of 37°C and above.
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the genomes of interspecific hybrids originating from the same
parents can stabilize differently, resulting in different genomic
configurations, as reported in previous studies targeting interspe-
cific hybrids (30, 32, 44, 45).
Newly developed interspecific hybrids show a broad temper-
ature tolerance range. The growth capacity of the developed hy-
brids was assessed at a wide range of different temperatures (4°C,
8°C, 10°C, 16°C, 25°C, 30°C, 37°C, and 41°C) and compared to the
growth of their parental strains and two reference S. pastorianus
strains (one Frohberg type [GSY132] and one Saaz type [GSY501]).
These data revealed that temperature tolerance was species spe-
cific, with S. cerevisiae showing optimal growth at high tempera-
tures (37°C and 41°C), while S. eubayanus (and the S. pastorianus
reference strains) showed good performance at low temperatures
but proved unable to grow at 37°C (Fig. 2).
At 4°C, almost all of the interspecific hybrids (except for H9,
H15, and H28, which were not able to grow at this low tempera-
ture) showed a higher growth capacity than their corresponding S.
cerevisiae parental strain (only the S. cerevisiae Y184 wine strain
showed some growth at this temperature). The S. eubayanus pa-
rental strains and the Saaz-type reference S. pastorianus strain
showed relatively good growth at this low temperature, confirm-
ing their cold-tolerant nature.
The growth capacity of the newly generated interspecific hy-
brids at 37°C resembled the growth capacity of their correspond-
ing S. cerevisiae parental strains, while the reference S. pastorianus
strains and the S. eubayanus parental strains were not able to grow
under this condition. At 41°C, only the selected parental S. cerevi-
siae strains and hybrids H26 and H27 were able to grow.
Overall, the generated hybrids showed a significantly higher
capacity for growth at low temperatures (4°C, 8°C, 10°C, and
16°C) than the selected S. cerevisiae parents and a higher capacity
for growth at high temperatures (30°C and 37°C) than both S.
eubayanus parents (Dunn test with Benjamini Hochberg-cor-
rected P values of0.05; see Table S2 in the supplemental mate-
rial). These results confirm that interspecific mating between S.
cerevisiae and S. eubayanus yeasts can generate hybrids that show a
broad temperature tolerance, equipping them with a competitive
advantage over the corresponding S. cerevisiae parental strain at
low temperatures.
Interspecific hybrid yeasts outperform their parental strains
in terms of fermentation capacity in lager fermentations. Next,
we assessed the potential of the new interspecific hybrids to pro-
duce aromatic lager beer. All 31 interspecific hybrids and their
respective parental strains were tested in parallel laboratory-scale
lager beer fermentations (see Materials and Methods for details).
Seven commercial Saaz-type and 10 Frohberg-type S. pastorianus
strains were included as reference strains.
To determine whether the strains had completed the beer fer-
mentation, ethanol concentrations were measured at the end of
fermentation. Ten of 11 allodiploid (90.9%) and 15 of 20 allotrip-
loid interspecific hybrids (75.0%) were able to produce more eth-
anol than both their parental strains in a 13-day static fermenta-
tion process (Fig. 3; see also Table S1 in the supplemental
material). On average, the hybrids showed 28.8% higher ethanol
production than their corresponding best-performing parental
strain, suggesting that the interspecific hybrids outperform their
parental strains in terms of fermentation capacity under lager beer
fermentation conditions (32).
Moreover, the ethanol production by many of the new inter-
specific hybrids was similar to the concentrations obtained with
the commercial reference S. pastorianus strains. Interestingly,
three hybrids, H15, H29, and H27 (all hybrids from different S.
cerevisiae parents crossed with Y567) showed an ethanol produc-
tion capacity similar to that of the best reference S. pastorianus
TABLE 2 Overview of interspecific hybrid yeasts developed
Ploidy Strain
Result for hybridization with strain:
Y565 Y567
No. of PCR-confirmed
hybrids (designations)
Hybridization
success rate (%)
No. of PCR-confirmed
hybrids (designations)
Hybridization
success rate (%)
Allodiploid Y470 3 (H1 to H3) 2.34 3 (H4 to H6) 1.17
Y184 3 (H7 to H9) 2.56 2 (H10 to H11) 3.33
Allotriploid Y134 3 (H12 to H14) 1.75 3 (H15 to H17) 3.85
Y245 3 (H18 to H20) 2.22 3 (H21 to H23) 1.93
Y377 0 0 3 (H24 to H26) 1.39
Y397 2 (H27 to H28) 1.23 3 (H29 to H31) 2.47
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FIG 3 Ethanol production in laboratory-scale lager fermentations. The figure
depicts the percentages (vol/vol) of ethanol produced by the different hybrids
(black or gray diamonds; color corresponds to the corresponding S. eubayanus
parental strain, described below), together with the results for their corre-
sponding S. cerevisiae parental strain (green triangles), both S. eubayanus pa-
rental strains (Y565, gray square, and Y567, black square), and 7 Saaz-type
(light blue circles) and 10 Frohberg-type (dark blue circles) reference S. pasto-
rianus yeasts.
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strains. Of these, H15 (Y134  Y567) produced the highest final
ethanol concentration (6.20% vol vol1; see Table S1).
Interspecific hybrid yeasts show diversified aroma produc-
tion in lager beer fermentations. Both S. eubayanus parental
strains produced a similar aroma profile, characterized by a rela-
tively modest production of acetate and ethyl esters and higher
concentrations of fusel alcohols (Fig. 4). The latter are often de-
scribed as having alcoholic and solventlike aromas and are gener-
ally considered unpleasant in beer when present in high concen-
trations (46, 47). Additionally, sensorial analysis revealed the
presence of strong sulfurlike off flavors in both S. eubayanus fer-
mentations, which might be due to the fact that the beer was not
maturated (lagered) (see Table S1 in the supplemental material).
Interestingly, the pronounced aromatic diversity of the selected S.
cerevisiae parental strains in ale fermentations is largely reduced
when these strains are applied in lager beer fermentations, high-
lighting the strong influence of environmental parameters (me-
dium composition, temperature, and agitation) on yeast aroma
production. For instance, strain Y184 produced concentrations of
aroma compounds similar to those of the S. eubayanus parental
strains, whereas this yeast strain was one of the most aromatic
strains in ale beer fermentations (Fig. 1). Strains Y134 and Y470
were characterized by an overall low aroma production. Strain
Y245 (which, like Y184, showed a relative low fermentation capac-
ity) produced larger amounts of acetate and ethyl esters and
smaller amounts of undesirable higher alcohols, resulting in an
overall fruity and pleasant beer. The aroma profile of Y377 highly
resembled that of strain Y245, except for the production of iso-
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FIG 4 Visual representation of the aroma production of the hybrids generated, together with the results for their corresponding parental strains and the average
results for 7 Saaz-type and 10 Frohberg-type S. pastorianus strains. Colors represent the range of calculated Z-scores (calculated over the columns), with blue
indicating lower-than-average production, white indicating average production, and red indicating higher-than-average production of the aroma compound in
question. Pairwise similarities were calculated by Euclidean distance, and aUPGMA clustering algorithmwas applied to cluster the data. The hybrids selected for
further pilot-scale fermentation experiments are highlighted by boxes.
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amyl alcohol. Y397 was the only parental S. cerevisiae strain that
was able to combine a good fermentation capacity with an overall
high production of aroma compounds in these small-scale lager
beer fermentations.
Interestingly, the newly developed interspecific hybrids
produced widely diverse aroma profiles. For example strain H9
(Y184  Y565) produced an aroma profile similar to those of
the S. eubayanus parental strains, whereas other hybrids, like
H31 (Y397  Y567), produced higher concentrations of esters
and lower concentrations of higher alcohols, reminiscent of
some S. cerevisiae strains used in ale fermentations. Strain H29
(also Y397 Y567) was not only one of the hybrids with the best
fermentation capacity but was also characterized by a high pro-
duction of the aromatic compounds that were quantified. Inter-
estingly, hybrids from the same parents produced different aro-
mas. For example, strain H14 turned out to be one of the most
aromatic hybrids, whereas hybrid H12, which shares its parental
strains with strain H14 (Y134  Y565), showed an overall low
aroma production.
In general, the hybrids produced significantly more isoamyl
acetate (IA), a fruity aroma compound, than their respective pa-
rental strains. The IA levels were increased in 21 of the 31 hybrids
(10/11 allodiploid and 11/21 allotriploid), resulting in lager beers
with distinctive fruity banana and pineapple notes (see Table S1 in
the supplemental material). Moreover, the isoamyl acetate con-
centrations obtained with some of the newly generated hybrids
were also markedly higher than those obtained with the 17 refer-
ence S. pastorianus strains (Mann-Whitney U test, P 0.05) (see
Fig. S2). Strain H29 showed the highest IA production (2.66 mg ·
liter1), which was 5.11 and 2.11 times more IA than the average
of the Saaz-type and Frohberg-type reference S. pastorianus
strains, respectively. Besides its high IA production, the produc-
tion of ethyl acetate, which confers a solventlike flavor, was only
slightly increased compared to that of the corresponding parents
and still below its reported flavor threshold in lager beer (30 mg ·
liter1) (46). Since this strain also showed a good fermentation
capacity, it was earmarked as an interesting candidate for the pro-
duction of highly aromatic lager beer.
Principal component analysis (PCA) of all measured aroma
compounds further revealed how the novel interspecific hybrids
increased the aromatic diversity of lager beer altogether (Fig. 5).
Plotting principal component 1 (PC1) versus PC2 revealed a clear
separation in the aroma profiles of both types of reference S. pas-
torianus strains, with the Saaz-type reference strains showing a
narrower aromatic diversity. Interestingly, the aromatic diversity
of the new interspecific hybrids covers and expands the aromatic
diversity of the more aromatic Frohberg-type reference S. pasto-
rianus strains. Six hybrids (H3, H9, H14, H17, H29, and H31)
were characterized by an aroma profile that was clearly differenti-
ated from those of both types of reference S. pastorianus strains.
More interestingly, plotting PC1 versus PC3 and PC2 versus PC3
revealed a clear difference in aroma production between the in-
terspecific hybrids and the reference Frohberg-type S. pastorianus
strains.
The differences in aroma production were also confirmed by
statistical analyses. Except for isobutanol and phenyl ethanol, the
Kruskal-Wallis one-way analysis of variance test indicated sto-
chastic dominance for the production of the 10 remaining aroma
compounds for at least one of the three groups (P  0.05; see
Table S3 in the supplemental material), indicating significant dif-
ferences between the lowest and highest median production levels
of the three groups for these compounds.
Furthermore, nonparametric post hoc analysis revealed that
Frohberg-type reference S. pastorianus strains produced signifi-
cantly higher concentrations of acetate esters, such as ethyl ace-
tate, isobutyl acetate, isoamyl acetate, and phenyl-ethyl acetate,
than the Saaz-type S. pastorianus reference strains, which is in line
with the previous findings of Gibson and coworkers (19) and
Walther et al. (20).
The interspecific hybrids in their turn produced significantly
more acetaldehyde, ethyl butyrate, and isoamyl alcohol and sig-
nificant less ethyl propionate than the Frohberg-type reference S.
pastorianus strains (Dunn testwith FDR-correctedP value,0.01;
see Table S3 in the supplemental material). Interspecific hybrids
were also significantlymore aromatic than the Saaz-type reference
S. pastorianus strains, showing a higher production of esters like
isoamyl acetate, isobutyl acetate, ethyl acetate, and phenyl ethyl
acetate. Additionally, they also produced significantly more fusel
alcohols, such as isoamyl alcohol, propanol, and butanol.
Finally, the ability of the strains to produce 4-VG, a compound
associated with a phenolic or smoky flavor, was investigated (see
Materials and Methods for details). It was shown that all of the
hybrids, as well as the S. eubayanus strains and 3/6 of the S. cerevi-
siae parents were able to produce this compound (see Table S1 in
the supplemental material). While production of this compound
is generally undesired in lager beers, it was not detected sensorially
in the small-scale lager fermentations.
Pilot-scale fermentation confirms the potential of new hy-
brids for commercial production of lager beer with a distinct
aromatic profile. To assess the industrial applicability of the in-
terspecific hybrids generated, the performance of four hybrids
(H4, H5, H15, and H29) was tested in 50-liter pilot-scale fermen-
tations and compared to the performance of their corresponding
parental strains and two reference commercial S. pastorianus
strains (GSY132 and GSY501). These four hybrids were selected
based on their ploidy (two allodiploid hybrids and two allotriploid
hybrids were included), their fermentation efficiency, and desir-
able aroma production in the laboratory-scale fermentation ex-
periments (Fig. 4 and 5).
Unfortunately, 4 of the 10 yeast strains tested (S. eubayanus
Y567 and hybridsH4 andH5, as well as the selected Frohberg-type
reference S. pastorianus strain GSY132) yielded stuck fermenta-
tions and were unable to finish the fermentation within 3 weeks
after pitching. These strains were therefore omitted from further
analysis.
After fermentation and 10 days of cold storage at 0.5°C (la-
gering), the remaining six beers that were produced showed eth-
anol contents ranging from 4.93 to 5.19% vol vol1, with hybrid
H29 producing the highest ethanol concentration (Table 3). The
difference in ethanol production between strains was largely due
to the inability of some strains to efficiently ferment the maltotri-
ose present in the wort. Strains producing less than 5% alcohol by
volume (ABV) ethanol only fermented 50% (Y134, Y470, and
GSY501) or 60% (H15) of the maltotriose, whereas strains pro-
ducing more than 5%ABV (Y397 and H29) fermented up to 70%
of the maltotriose (Table 3).
Sensory analysis by an independent tasting panel of the beer
that was produced showed that the use of non-S. pastorianus
strains increased the aromatic diversity and complexity of lager
beers (see Table S4 in the supplementalmaterial for an overviewof
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the sensory results). The reference Saaz-type S. pastorianus strain
GSY501 produced a lager beer with clear fruity and pineapplelike
aromatic notes and was well appreciated by the panel (see Table
S4). This fruity character of GSY501 is likely due to the relatively
high concentration of isoamyl acetate.
S. cerevisiae parental strains produced overall complex and ar-
omatic lager beers, characterized by a high production of isoamyl
acetate and ethyl acetate (Table 3), with fruity notes in the aroma
and/or taste. In addition to these aromas, strain Y470 introduced
a slightly grainy and grassy aroma and taste into the beer, which
was well appreciated by the panel. Strains Y134 and Y397 pro-
duced slightly sulfury notes and an onion and sulfury off flavor,
respectively, in the beers.
Strain H15 showed a fermentation capacity and production of
aroma compounds similar to those of its S. cerevisiae parent Y134
but with a slightly lower isoamyl acetate production (2.78 versus
4.08mg · liter1). The panel described this beer as having a slightly
grainy aroma and grainy taste, characterized by slightly sulfury
and metallic notes, resulting in an overall undesirable aroma.
Hybrid H29 displayed a faster fermentation and higher atten-
uation (i.e., higher final ethanol concentration) than its corre-
sponding S. cerevisiae parental strain (Y397) and the reference S.
pastorianus yeast GSY501. Sensory analysis of the beer produced
with this strain revealed a complex, fruity aroma profile. Indeed,
chemical analysis revealed that strain H29 produced high concen-
trations of isoamyl acetate, ethyl acetate, isoamyl alcohol, and
phenyl-ethyl acetate, well above the respective flavor thresholds of
1.2, 30, 70, and 3 mg · liter1. Therefore, despite the very slightly
sulfury notes detected, the beer produced with this strain was
highly rated by the test panel. Another interesting thing to note is
the low acetaldehyde production of this strain compared to the
acetaldehyde production of its corresponding parental strain
Y397 and reference strain GSY501, which might increase the sta-
bility of the beer (48).
DISCUSSION
Over the past decades, the beer industry has been increasingly
dominated by fewer firms (e.g., in 2012, 50% of the beer sales and
−
4
−
2
0 
   
   
   
   
 2
   
   
   
   
  4
PC
2(1
7.6
6%
)
H1
H2
H3
H4 H5
H6
H7
H8
H9
H10H11
H12 H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
H24
H25
H26
H27 H28
H29
H30
H31
GSY132
GSY 501
GSY134
GSY133
GSY129
GSY131 KV2062
GSY137
Y449
Y473
Y453 Y454
GSY516
GSY135
GSY515Y447
Y5
1
2
3
4
5
6
7
8
9
10
11
12
−6 −4 −2 0 2 4 6 8
−
4
−
2
0
2
4
PC1 (35.65%)
PC
3(1
3.5
6%
) H1H2
H3H4
H5H6
H7H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19 H20
H21
H22
H23
H24H25
H26
H27
H28
H29
H30
H31
GSY132
GSY 501
GSY134
GSY133
GSY129GSY131
KV2062
GSY137
Y449
Y473Y453
Y454
GSY516
GSY135
GSY515
Y447
Y5
1
2
3
4
5
6
7
8
9
10
11
12
−4 −2 0 2 4
PC2 (17.66%)
H1
H2
H3
H4
H5
H6
H7 H8 H9
H10
H11H12
H13
H14
H15
H16
H17
H18
H19H20
H21
H22
H23
H24
H25
H26 H27
H28
H29
H30
H31
GSY132
GSY 501
GSY134
GSY133
GSY129 GSY131
KV2062
GSY137Y449
Y473
Y453
Y454
GSY516
GSY135
GSY515
Y447
Y5
1
2
3
4
5
6
7
8
9
10
11
12
FIG 5 Three two-dimensional (2-D) principal component analyses (PCA), visualizing the aromatic diversity introduced by the newly developed interspecific
hybrids (black dots) and 7 reference Saaz-type (light blue dots) and 10 reference Frohberg-type (dark blue dots) S. pastorianus strains. Ninety-percent confidence
ellipses are drawn in the corresponding colors. The component scores for the 12 aroma compounds are depicted as red lines numbered as follows: 1, acetaldehyde;
2, ethyl acetate; 3, ethyl propionate; 4, isobutyl acetate; 5, ethyl butyrate; 6, propanol; 7, isobutanol; 8, isoamyl acetate; 9, butanol; 10, isoamyl alcohol; 11,
phenylethyl acetate; 12, phenyl ethanol. The three 2-D PCA plots represent 66.87% of the total variance of the data set.
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70% of the revenues were accounted for by only four breweries)
(49). However, recent years have brought a remarkable increase in
the demand for specialty beer, turning the global beer market into
a niche market where product diversification has become pivotal.
Despite the fact that the clean flavor and aroma of lager beer still
remains an important characteristic, new lager yeasts that can in-
troduce aromatic diversity into Pilsner-type beers could be of con-
siderable industrial importance and provide opportunities for
breweries to expand theirmarket share and diversify their product
portfolio to fulfill the customer’s demands. Moreover, the inter-
specific hybrids generated here can also be used to create a new
niche beer market of aromatic, low-alcohol but still highly drink-
able beers.
In this study, we generated 31 new interspecific hybrids
through spore-to-spore mating of six carefully selected S. cerevi-
siae strain and two S. eubayanus strains. The overall yield of 1.5%
obtainedwith the spore-to-sporemating technique is significantly
higher than the yield obtained withmass mating approaches (e.g.,
the hybridization frequency of 2.6  106 reported by Krogerus
and coworkers [24]). Another advantage of the spore-to-spore
approach is that no auxotrophic mutants of the parental strains
needed to be obtained prior tomating (24, 29).Moreover, because
the experimental procedure only relies on natural mating and not
on genetic modification, the interspecific hybrids generated are
not considered to be genetically modified (GM) organisms and
can be used by the beverage industry without restrictions.
Interestingly, none of the 135 mating attempts between Y377
and Y565 yielded interspecific hybrids, indicating that some
strains within the Saccharomyces genus are less prone tomate (50)
and/or showmore efficient prezygotic or postzygotic barriers due
to strain-specific (and not species-specific) differences in spore
germination timing (51, 52). Further research is needed to eluci-
date the underlying genetic base of this phenomenon.
Previous research showed that newly formed interspecific hy-
brid genomes are characterized by high plasticity and that genome
rearrangements, such as whole or partial chromosome losses and
introgressions, are common and can be directed by the environ-
mental stress conditions applied (30, 31, 44, 45). For example
Dunn and coworkers (30) showed that newly formed interspecific
hybrids between S. cerevisiae and S. uvarum exhibited a character-
istic genome rearrangement pattern when hybrids were grown
under continuous ammonium limitations (30). The work of Pi-
otrowski et al. (31) supports the hypothesis that the genomic fate
of new interspecific hybrids depends on the stress they encounter
in their immediate environment (31). Especially in lager produc-
tion, where it is common practice to recycle yeast for several con-
secutive fermentation cycles (53, 54), it is paramount that these
strains remain genetically stable during the whole process. There-
fore, genetic stabilization, based on vegetative growth under spe-
cific conditions mimicking typical lager beer fermentations, was a
crucial step in the development of our strains (29).
The temperature tolerance profiles of the interspecific hybrids
generated here are in line with the results of Bellon and coworkers,
who discovered a similar trend in interspecific hybrids between S.
cerevisiae and the cold-tolerant S. mikatae (28). Our results also
line up with the recent findings of Hebly and coworkers, where
TABLE 3 Overview of fermentation capacity, aroma production, and sugar consumption during pilot-scale fermentation tests
Parameter
Value for strainb:
GSY501 Y134 Y397 Y470 H15 H29
Fermentation capacity
Fermentation time (days) 16 7 8 16 8 7
Ethanol production (% ABV) 4.93 4.94 5.13 4.92 4.98 5.19
Sugar consumption (%)
Glucose 98.3 100.0 100.0 100.0 98.7 100.0
Maltose 98.6 98.9 98.9 98.8 98.5 98.8
Maltotriose 50.8 53.5 69.1 53.9 59.0 70.6
Maltotetraose 25.1 25.9 28.6 28.0 22.4 25.6
Maltopentaose 20.6 24.2 27.3 25.6 30.0 22.2
Maltohexaose 18.4 31.0 27.6 27.9 32.5 27.1
Maltoheptaose 39.8 42.1 42.9 38.5 41.8 41.4
Aroma production (mg · liter1a)
Acetaldehyde (10) 11.01 2.58 4.29 4.29 3.64 1.42
Ethyl acetate (30) 16.23 34.22 36.34 30.83 38.59 30.21
Ethyl propionate (10) 0.32 0.28 0.37 0.39 0.28 0.42
Isobutyl acetate (1.6) 0.08 0.22 0.33 0.20 0.18 0.24
Ethyl butyrate (0.5) 0.24 0.21 0.19 0.13 0.19 0.17
Propanol (800) 4.97 13.13 12.81 12.97 12.75 11.69
Isobutanol (65) 8.51 11.56 16.23 10.66 12.21 16.06
Isoamyl acetate (1.2) 1.56 4.08 5.45 3.81 2.78 3.90
Butanol (50) ND 0.20 0.21 ND 0.19 0.21
Isoamyl alcohol (70) 33.29 54.66 72.14 49.44 51.84 76.27
Phenyl ethyl acetate (3) 2.44 3.17 5.56 2.69 3.20 4.06
Phenyl ethanol (100) 25.72 12.51 36.32 14.00 23.93 20.13
a Values in parentheses are the reported flavor thresholds in lager beer (46, 47).
b Fermentations conducted with strains GSY132, Y567, H4, and H5 were not finished within 3 weeks and were therefore omitted from further analysis. Values are the averages of
two independent measurements. Values in boldface are those higher than the reported flavor threshold in lager beer. ND, not determined.
New Interspeciﬁc Saccharomyces Hybrid Beer Yeasts
December 2015 Volume 81 Number 23 aem.asm.org 8211Applied and Environmental Microbiology
 o
n
 N
ovem
ber 9, 2015 by KU Leuven University Library
http://aem
.asm
.org/
D
ow
nloaded from
 
one interspecific hybrid between S. cerevisiae and S. eubayanus
showed a temperature range similar to those of most of our inter-
specific hybrids (55). However, despite the industrial importance
of cold tolerance, relatively little is known about the underlying
molecular mechanisms. Therefore, the interspecific hybrids ob-
tained in this study could be of use to further investigate the un-
derlying genetic mechanisms of the observed cold tolerance.
In addition, our interspecific hybrids also showed interesting
fermentation characteristics in laboratory-scale lager beer fer-
mentation experiments. On average, the interspecific hybrids pro-
ducedmore ethanol than their corresponding best parental strain.
These results are in line with the work of Pérez-Través and co-
workers and, more recently, Krogerus et al. in which interspecific
hybridization between S. cerevisiae and cold-tolerant yeast species
like S. kudriavzevii and S. eubayanus yielded variants able to out-
perform their parental strains in wine and beer fermentations at
low temperatures (24, 29).
However, not all of the hybrids developed were able to outper-
form their respective parental strains in lager beer fermentations.
This can be explained by a potential downside of the applied
breeding strategy (spore-to-spore mating), where random hap-
loid segregants of the parents are applied in the breeding experi-
ments. Since industrial strains are often heterozygous, allelic seg-
regation will cause great diversity within the haploid segregants
originating from the same parent, some ofwhichmight be inferior
in the desired characteristics (21). Other breeding techniques,
such as cell-to-cell mating, allow phenotyping of the haploid seg-
regants prior to breeding, but due to the homothallic nature of the
S. eubayanus parents, the cell-to-cell mating technique was not
applicable in this work.
Our results support the current hypothesis about the origin of
lager yeasts, which states that the combination of the cold toler-
ance of S. eubayanus and the good fermentation capacity of S.
cerevisiae provided the interspecific hybrids with a competitive
advantage in ancient Bavarian lager beer production processes,
which were typically conducted at very low temperatures (7, 13,
16, 55).
Moreover, some of the interspecific hybrids developed here
(e.g., H15, H29, and H27) showed a higher fermentation effi-
ciency at 16°C than the best reference S. pastorianus strains that are
currently used for commercial production, and others (e.g., H29,
which also showed the fastest fermentation, and H15) showed
higher fermentation efficiency in pilot-scale lager beer fermenta-
tion tests conducted at 12°C. The use of these interspecific hybrids
in industrial lager beer production could potentially lead to a
shortened fermentation time and, consequently, lead to higher
profits.
Gibson and Liti (7) and, more recently, Krogerus and cowork-
ers (24) hypothesized that the development of interspecific hy-
brids between S. cerevisiae and S. eubayanus could lead to aromatic
diversity in lager beer production. This study provides the first
proof for this hypothesis, showing that newly developed interspe-
cific hybrids produced aromatic profiles that were significantly
different from the aroma production of currently available lager
yeasts, making them interesting new yeast strains for commercial
lager beer production.
For example, strain H29, a hybrid of the ale-type S. cerevisiae
Y397 and S. eubayanus Y567, outperformed its parents with re-
spect to its fermentation capacity and production of fruity flavors.
This strain also performed extremely well at pilot scale in a 50-liter
lager beer fermentation at 12°C, where it exhibited the fastest fer-
mentation profile and reached the highest final ethanol titer. The
resulting beer showed a complex fruity aroma and was highly
appreciated by a trained, independent expert panel, further high-
lighting its industrial potential for the production of aromatic
lager beer.
An interesting observation was the presence of smoky flavors
in some but not all hybrids and parental strains in pilot-scale fer-
mentation experiments. This sensorial attribute, typically associ-
ated with the presence of 4-VG, is an important factor in beer
brewing and is often negatively perceived in the beer industry (and
therefore also called “phenolic off flavor” [POF]). Interestingly,
our experiments indicated that while all of the hybrids we devel-
oped and most of the parental strains have the intrinsic potential
to produce 4-VG (see Table S1 in the supplemental material), it
was only perceived in the products of two pilot-scale fermenta-
tions (H4 and S. eubayanus strain Y567). The strains for which no
smoky flavor was detected but that do possess the potential to
produce 4-VG (hybrids H5, H15, and H29, as well as S. cerevisiae
parent strain Y397)most probably produce this compound below
the threshold level in Pilsner beer (300 ppb) (56), or it is masked
by other flavor attributes, such as fruitiness.
In conclusion, we describe the development of 31 novel inter-
specific yeast hybrids, resulting from large-scale breeding experi-
ments between six carefully selected S. cerevisiae strains and two
feral S. eubayanus strains. The best newly generated hybrids
showed growth at a broader range of temperatures, high fermen-
tation capacity in laboratory-scale lager beer fermentations, and
desirable aromatic profiles that were significantly different from
the profiles produced by the currently applied lager yeasts. Impor-
tantly, these industrially interesting characteristics were also con-
firmed in pilot-scale trials, with hybrid H29 showing perhaps the
most interesting profile, due to its combination of a fast fermen-
tation, high attenuation (i.e., higher final ethanol concentration),
and the production of a complex, desirable fruity aroma palate.
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